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ABSTRACT. Tool wear has become a significant issue associated with the forming of high 
strength sheet steels in the automotive industry. In order to combat this problem, recent 
research has been devoted to utilizing the contact results obtained from current sheet metal 
forming software predictions, in order to develop/apply tool wear models or tool material 
selection criteria for use in the stamping plant. This investigation aims to determine whether 
a :,pecialized sheet metal forming software package can correctly capture the complex contact 
conditions that occur during a typical sheet metal stamping process. The contact pressure at 
the die radius was compared to results obtained using a general-purpose finite element 
sofiware package, for a simple channel-forming process. Although some qualitative 
similarities between the two predictions were observed, it was found that significant 
differences in the magnitude and distribution of the contact pressure exists. The reasons for 
the discrepancies in results are discussed with respect to the simplifications and assumptions 
adopted in the finite element model definitions, and with regards' to other results available in 
the literature. 
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1. INTRODUCTION 
Due to the trend toward higher strength sheet steels and reduced lubrication, forming tools 
in the automotive industry are now required to withstand more severe tribological stresses. 
This has resulted in increased tool wear and the ever-increasing need for a method to 
accurately predict the wear response of a given sheet metal forming process. Due to the 
power law relation between wear and normal load for sliding contacts [1,2], it is well known 
that the contact pressure between the blank and the tool has a large influence on the wear and 
the subsequent tool life. Therefore, accurate determination of the contact pressure distribution 
over the die radius throughout the sheet metal forming process is an essential step towards the 
estimation of tool life. 
The contact conditions that occur at the die radius in sheet metal forming have been 
studied both numerically and experimentally through bending-under-tension, cup-drawing and 
channel-forming (U-Bend) tests. The contact pressure in the bending-under-tension test has 
been examined experimentally using in situ sensors, where a distinct two-peak contact 
pressure distribution over the radius has been observed [3, 4]. Finite element studies on 
bending-under-tension tests have also revealed qualitatively similar contact pressure peaks at 
the beginning and end ofthe sheet-to-die radius contact zone [5, 6]. 
When comparing the bending-under-tension results to finite element analyses of cylindrical 
cup-drawing [7, 8] and channel-forming operations [9, 10], it is evident that a more complex 
contact pressure response exists throughout the duration of the sheet metal stamping 
processes. It has been identified that important transient effects occur at the beginning of the 
channel-forming process, resulting in extremely large and localized contact pressures, which 
have particular significance to the wear response [9, 10]. However, due to the similarities 
with the bending-under-tension operation, each of the numerical studies by Jensen et aI. [7], 
Mortensen et aI. [8] and Pereira et al. [9, 10] have also shown that the characteristic two-peak 
contact pressure distribution occurs for at least part of the stamping process. 
In the automotive industry today, commercially-available, specialized sheet metal forming 
software suites - such as AutoForm (www.autoform.com).Dynaform(ww\v.dvnaform.cn). 
PAM-STAMP (www.esi-group.com) - have become a vital part of the component design and 
stamping engineering process. Traditionally, these software packages have been used 
primarily for formability and springback predictions; the accuracy of which is well 
documented through numerous studies available in the literature (for example, see [11-13 D. 
Recently, additional software "modules" have been developed to calculate wear and tool life 
using the contact conditions predicted by these specialized sheet metal forming packages [14, 
15]. However, unlike the formability and springback predictions, little work has been 
conducted to examine the ability ofthese software packages to accurately simulate the contact 
conditions that occur on the tool surfaces during the sheet metal forming process. For this 
reason, the Centre for Material and Fibre Innovation at Deakin University is involved in an 
Australian project to analyze and develop AutoForm's contact and tool wear predictions. 
This investigation aims to determine whether a specialized sheet metal forming software 
package can correctly capture the complex contact conditions that occur during a typical sheet 
metal stamping process. In particular, the contact pressure at the die radius will be compared 
to previous results obtained using a general-purpose finite element software package. 
FUlihermore, the results will also be discussed with reference to other numerical and 
experimental studies available in the literature. 
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2. EXPERIMENTAL PROCEDURE 
The channel-forming process shown in Figure 1 was used to replicate the contact 
conditions experienced by a typical sheet metal stamping die in the automotive industry. The 
tests were conducted using an Erichsen sheet metal forming machine, which is a laboratory-
based electro-hydraulic press that allows accurate control and measurement of blank holder 
force, punch force and speed. The key geometric and process variables of the test are 
summarized in Table 1, and the blank material properties are summarized in Table 2. The 
process conditions chosen for the test (i.e. geometry, forming mode, blank material and 
thickness) are representative of typical auto-body structural components, such as rails, cross-
members and pillars [16, 17], which are often found to be prone to wear and galling. 
The purpose of the experimental test in this study is to provide reference data, such as 
punch force and flange lengths, in order to validate the finite element model predictions . 
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Figure 1. Schematic of the channel-farming test: prior to, and at the end of, the forming stroke. 
Table 1. Summary afvariables used in channel forming test. 
Variable Symbol Value 
Punch width a 40mm 
Draw depth d SOmm 
Final flange length f 6.S mm 
Die-to-punch gap g 2.1 mm 
Blank length lS0mm 
Blank holder force Fh 20 kN 
Die radius Rd Smm 
Punch radius Rp Smm 
Blank thickness 2mm 
Blank width w 20mm 
Tool-to-sheet clearance (= t - g) c 0.1 mm 
Punch speed 2.S mm/s 
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Table 2. Summary of blank material properties. 
Blank material property Symbol Value 
Elastic modulus E 2050Pa 
Yield strength Y 490 MPa 
Tensile strength UTS 630 MPa 
Strength coefficient K 960 
Strain hardening index n 0.14 
3. NUMERICAL PROCEDURE 
The experimental process detailed above was replicated in the numerical simulation using 
two different software packages: a general-purpose finite element code (ABAQUS\Standard 
v6.5-4 [18]), and a specialized sheet metal forming finite element program (AutoForm 
Incremental v4.1.0 [19]). The primary aim of the numerical models was to analyze the 
contact pressure over the die radius for the channel-forming process, and compare the results 
obtained between the two cases. Therefore, all process input parameters (geometry, blank 
holder force, material properties, etc), were reproduced as closely as possible between the two 
finite element models. 
In order to achieve suitably converged contact pressure predictions, this analysis required 
the use of specific input settings, as compared to a general formability or spring back analysis. 
Therefore, this section will briefly describe the key input parameters and modeling procedures 
used to construct the two finite element models. 
3.1. ABAQUS\Standard model 
The modeling and analysis procedure used to develop the ABAQUS\Standard model is 
based on work previously reported by the authors [9, 10]. As such, the model will only be 
briefly described, with emphasis on the parameters relevant to this study. The key model 
attributes are summarized in Table 3. 
The channel forming operation was modeled as a one-half symmetric, two-dimensional, 
plane strain process. A quasi-static assumption was adopted, by using the ABAQUS implicit 
solver. The finite element model incorporated a very fine mesh in the region of the blank-to-
die interface, to permit accurate prediction of the contact pressure on the die radius surface. 
The interaction between the tools and blank was defined using a strict 'master-slave' 
algorithm, with a 'hard contact' pressure over-closure relationship and an isotropic penalty 
friction formulation. An elastic-plastic isotropic material definition was used to represent the 
Dual Phase grade steel, with the flow curve input in the form of tabulated stress-strain data. 
3.2. AutoForm Incremental model 
Using AutoForm Incremental, the channel forming process was modeled as a one-half 
symmetric, three-dimensional process. The key model attributes of the AutoForm model are 
compared to those of the ABAQUS model in Table 3. Due to the implicit time integration 
scheme, a quasi-static assumption was also adopted in AutoForm. 
As previously stated, the primary aim of the numerical models was to analyze the contact 
pressure at the die radius. As such, the default adaptive meshing feature in AutoForm was 
turned off, as doing so provided more stable contact pressure and punch force predictions at 
each time step of the results history. Similarly, the default settings which controlled the time 
step size and the amount of penetration permitted by the blank nodes into the die radius 
surface were significantly reduced from the default settings. The 'maximum displacement' 
parameter was set to 0.4 mm (default value is 1.6 mm), and the 'radius penetration' parameter 
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was set to 0.04 mm (default value is 0.16 mm). Additionally, an accurate description of the 
die radius surface was essential for an accurate contact pressure prediction. Therefore, when 
meshing the tool surfaces using AutoForm's pre-processing capabilities, the 'geometric error 
tolerance' parameter was reduced to 0.01 mm (default value for small radii is 0.05 mm), to 
ensure that the true curvature of the die radius was described with a sufficient number of 
elements along the surface (58 elements). 
During the development of the AutoForm model, each of the parameters discussed in the 
preceding paragraph were systematically varied and the effect on the stability of the solution 
(contact pressure, punch force, stresses and strains) was analyzed. The values chosen for the 
final model (as shown in Table 3) reflect the input conditions necessary to achieve a suitably 
converged solution, throughout the simulation results history, for each of the output variables 
of interest. 
Table 3. Key attributes and settings for ABAQUS and AutoForm finite element models. 
Attribute / setting 
Global 
Solution method 
Geometric description 
Friction coefficient 
Blank 
Element formulation 
Total no. of elements 
No. of elements through thickness 
Minimum element side length 
Die 
Material model 
No. of elements along radius surface 
ABAQUS 
implicit time integration 
one-half symmetric, 
two-dimensional 
0.13 
continuum element; four-node, 
plane strain, quadrilateral, 
reduced (single) integration point, 
hourglass control 
19200 
16 
0.0625 mm 
elastic 
240 
AutoForm 
implicit time integration 
one-half symmetric, 
three-dimensional 
0.13 
shell element; three-node, 
triangular, single integration point 
over area, 11 integration points 
through thickness 
5000 
~0.8 mm 
rigid 
58 
When examining Table 3, it is evident that one of the fundamental differences between the 
ABAQUS and AutoForm models is the finite element formulation of the blank elements. The 
shell elements used in AutoForm provide superior computational efficiency compared to the 
continuum elements used in ABAQUS. Firstly, in order to obtain a stable contact pressure 
prediction, a very fine mesh was required to describe both the blank and die radius surfaces in 
ABAQUS. Additionally, due to their nature, numerous continuum elements were required 
through the thickness of the blank (16 elements), in order to completely describe the blank 
geometry. The use of shell elements in AutoForm only requires a single element to represent 
the entire thickness of the blank. Therefore, despite modeling the three-dimensional process 
(as opposed to the two-dimensional assumption in the ABAQUS model), the AutoForm 
model uses approximately 90% less computational time. However, it is worth noting that the 
ABAQUS model contains a full elastic description of the tool material, and not simply a rigid 
definition of the tool surfaces, as used in AutoForm; thus significantly increasing the 
computational expense. Furthermore, previous studies by the authors have utilized techniques 
to reduce the total number of blank finite elements, whilst still obtaining a converged contact 
pressure prediction [10]. However, these techniques were not adopted in this study as 
computational time was not of primary concern. 
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3.3. Comparison to experimental results 
Part of the numerical model development procedure included comparison of the simulation 
predictions with the experimental results. In particular, comparison between the predicted 
and measured punch force curves and final part flange lengths (Figure 2) were used to tune 
the prescribed friction coefficient in the ABAQUS and AutoForm models. Good correlation 
was achieved in both models when a friction coefficient of 0.13 was used. 
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Figure 2. Comparison between experimental measurements and numerical predictions of (a) punch 
force and (b) part flange length. 
4. RESULTS 
This section will summarize the predicted contact pressure obtained using the two different 
finite element software models. 
4.1. Contact pressure results using ABAQUS\Standard model 
Previous work by Pereira et al. [9, 10] showed that the contact pressure response at the die 
radius of a typical sheet metal stamping operation is complex - with the distribution varying 
both along the die radius and throughout the process. However, it was recently identified that 
the contact pressure distribution exhibited three distinct phases during the stamping process 
[20]. The same three-stage contact pressure response was predicted in this study, using the 
ABAQUS model of the channel-forming process. Figure 3 shows the contact pressure 
distribution over the die radius at three instances during the process, highlighting the 
characteristic features of each of the phases. The Mises stress contours in Figure 3 also 
provide an indication of the deformation of the blank and localized stresses near the die radius 
surface. 
For completeness, a brief descriptive summary of the three stages of contact pressure 
response, reported by Pereira et al. [20] (which is of relevance to this study), is provided 
below: 
(i) At the start of the process, the blank is bent by the action of the punch and a high 
contact pressure peak exists at the start of the die radius (Figure 3a). 
(ii) During the intermediate stage, the region of the sheet that was deformed at the staIi of 
the die radius has not reached the side-wall. Therefore, the side-wall remains straight 
and the arc of contact is a maximum. The largest pressure, which is significantly 
greater than the sheet material flow stress, exists towards the end of the die radius, at 
the tangent point between the die radius and the side-wall (Figure 3 b). 
(iii) A steady state is reached when the material initially at the start of the die radius 
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reaches the side-wall. The arc of contact is reduced and the greatest contact pressure 
occurs at the start of the die radius. The peak pressure is less than in the previous 
stages (Figure 3c). 
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Figure 3. Contact pressure distributions over the die radius and Mises stress contours predicted using 
ABAQUS at three distinct intervals during the process. The values of punch stroke at each instance 
are indicated on the graphs. 
The ABAQUS model results show that the initial stage is a momentary event, 
corresponding to approximately the first 2 mm of punch travel, in this case. The second, 
transient stage of the process occurs when the punch has travelled between approximately 2 to 
17 mm. The final, steady pOliion of the contact pressure response corresponds to 
approximately the last two-thirds of the process, where the punch has travelled between 17 
and 50 mm. It is evident that the first two stages exhibit peak contact pressures that are well 
in excess of the initial yield strength of the blank material (490 MPa). By examining the 
pressure distribution at every increment of the simulation results history, it was found that the 
peak value of contact pressure experienced at the die radius throughout the entire process is 
1175 MPa. This peak pressure occurs at an angle of 57 degrees on the die radius, at the 
instant when the punch has travelled 8.7 mm; i.e. during the transient stage of the process. In 
comparison, the steady portion of the contact pressure response, which occurs for the majority 
of the process, corresponds to reduced peak contact pressures (i.e. < 500 MPa). 
4.2. Contact pressure results using AutoForm Incremental model 
The contact pressure predicted using AutoForm was examined primarily along the mid-
plane of the three-dimensional model geometry, such that direct comparisons with the two-
dimensional plane strain ABAQUS model could be made. As with the ABAQUS predictions, 
examination of the contact pressure over the die radius at each increment of the results history 
revealed that the AutoForm model also predicts a three-stage contact pressure response. The 
three contact pressure distributions, shown in Figure 4, are representative of the three stages 
predicted using the AutoForm model. 
It is evident that the initial stage, where a single contact pressure peak exists at the 
beginning of the die radius, occurs for a slightly longer period of time (i.e. for the first 5 mm 
of punch travel), than in the ABAQUS model. However, the transition from the intermediate 
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to the steady stages occurs at a similar instant (i.e. at approximately 17 mm of punch travel). 
The maximum contact pressure predicted at the mid-plane on the die radius throughout the 
entire process is 56 MPa, occurring at an angle of 50 degrees on the die radius. This peak 
contact pressure occurs during the steady stage, at the instant when the punch has travelled 
19.5 mm. Due to the nature of this phase of the process, the peak contact pressure remains at 
approximately the same level throughout the steady-state phase. Therefore, for the AutoForm 
model results, it is evident that the two transient stages of the contact pressure response 
correspond do not exhibit peak contact pressures that exceed the steady-state peak pressure. 
~60 
p.., 
~ 
~45 
2 
;:l 
'" 
4111111 12111111 
~ 30 
j':~--~ 
50111111 
·15 0 15 30 45 60 75 90 ·15 0 15 30 45 60 75 90 ·15 o 15 30 45 60 75 90 
Angle on die radius [deg] Angle on die radius [deg] Angle on die radius [deg] 
(a) initial (b) intermediate (c) steady-state 
Figure 4. Contact pressure distributions over the die predicted using AutoForm at three distinct 
intervals during the process. The values of punch stroke at each instance are indicated in the graphs. 
5. DISCUSSION 
Although there are some qualitative similarities between the predicted contact pressure 
behavior at the die radius for the AutoForm and ABAQUS finite element models, there are 
some significant differences. This section will discuss the differences between the results. 
Where possible, the differences will be explained with reference to the finite element 
formulations used, and to any other results available in the literature. 
5.1. Contact pressure magnitude 
One of the fundamental differences between the results of the two finite element models is 
the overall magnitude of the contact pressure at the die radius. In general, the magnitude of 
the AutoForm contact pressure prediction is a minimum of one order of magnitude less than 
the ABAQUS prediction, despite the same geometric, process and material input parameters 
used for both models. The peak contact pressure predicted by the AutoForm model is 
approximately 5% of that predicted in ABAQUS. 
This large discrepancy in the magnitude of contact pressure can be primarily attributed to 
the differences in the finite element formulation used between the two models - the 
AutoForm model uses shell elements to describe the blank, whereas the ABAQUS model uses 
continuum elements. There is little documentation available that discusses the exact 
formulation of the AutoForm shell elements. However, in general, shell elements assume that 
that plane sections that are initially perpendicular to the plane of a shell element remain plane 
after deformation [18]. In other words, it is assumed that the membrane strains must vary 
linearly through the thickness of the shell element in order for an accurate solution to be 
achieved. Additionally, the change in thickness of the shell element is calculated by 
enforcing the plane stress condition [18], which assumes that the stress on the sheet in the 
normal direction is negligible. 
For the stamping process examined in the study, these assumptions are not completely 
valid, thus affecting the reliability of the contact pressure results. For example, due to the 
relatively small die radius to thickness ratio (Rd/t = 5), the blank experiences a significant 
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amount of bending, as it is formed over the die radius. Therefore, the membrane strains do 
not vary linearly through the thickness, as shown by Figure 5a. The large magnitude of shear 
strain caused by the bending of the blank is also evident in Figure 5a. Additionally, the stress 
in the normal (thickness) direction can be comparatively large, as shown by Figure 5b, 
indicating that the plane stress assumption is not entirely valid. The large normal stress can 
be rationalized by considering the deformation of the blank by the action of the tools, where it 
is easily plausible that, for severe bending operations, the normal force exerted by the tools 
will not be negligible. 
ComQonent 
-c-Iongitudinal 
,-{)w-thickness 
-"width 
.. ~ .. shear 
1.00 
E 0.50 
E 
'--' 
C/l 
C/l 0.00 <l) 
c 
~ 
u 
:ti -0.50 
-1.00 
(a) 
-0.15 -0.Q75 0 0.Q75 0.15 
strain 
1.00 
,......., 
0.50 E 
E 
'--' 
C/l 
C/l 0.00 <l) 
.Q 
u 
:ti -0.50 
-1.00 
-1500 -750 0 750 1500 
stress 
(b) 
Figure 5. Strain and stress distributions through the thickness of the blank at approximately 1 degree 
on the die radius, at the end of the stamping process, as predicted by the ABAQUS model. 
The above discussion indicates that the assumptions enforced by the shell element 
formulation in AutoForm are likely to cause inaccurate contact pressure results. This 
therefore suggests that the forces exerted on the tools (i.e. punch force, etc) will not be 
accurately predicted. However, Figure 2a clearly indicates that there is good correlation 
between the experimental and numerical punch force results. This can be explained by the 
'improved tool forces' calculation implemented in the current version (v4.1.0) of AutoForm. 
This allows improved consideration of the transverse shear forces caused by bending in the 
blank [19]. Examination of the results obtained from the AutoForm model, using the default 
and the improved tool force calculations, show that this new calculation method dramatically 
improves the punch force prediction. However it does not affect the predicted contact 
pressures. The results from this study will assist AutoForm to improve their future contact 
pressure calculations, at minimal computational cost. 
5.2. Steady-state contact pressure distribution 
Apart from the large difference in magnitude of contact pressure, described above, the 
shape of the steady-state contact pressure distribution is markedly different to that predicted 
by the ABAQUS model. The two-peak distribution shown in Figure 3c qualitatively 
compares well to both experimental and numerical contact pressure results presented in the 
literature for bending-under-tension [3-6] and sheet metal stamping operations [7, 8]. 
It is evident that the steady-state distribution predicted using the AutoForm model (Figure 
4c), does not show this characteristic two-peak response. Instead, the contact pressure 
appears to increase approximately linearly along the die radius. This type of response 
qualitative compares well to results of a simple analysis of the sheet metal forming process, 
where the plane stress assumption is adopted and the effects of bending are neglected [21]. 
As such, the fact that contact pressure response predicted by AutoForm requires some 
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improvement when compared with the ABAQUS model predictions and other results 
available in the literature, is a likely consequence of the previously discussed simplifications 
of the shell element formulation. 
6. CONCLUSIONS 
The predicted contact pressure response over the die radius, for a sheet metal stamping 
process, was examined in detail using two finite element software codes. It was found that in 
both cases, the contact pressure evolution throughout the forming process showed three 
distinct stages. The general-purpose finite element model predicted peak contact pressures, 
during the first two stages of the contact pressure response, that were well in excess of the 
blank material yield stress. Using this software model, the characteristic two-peak contact 
pressure distribution predicted for the final, steady stage qualitatively compared well with 
other results available in the literature. The magnitude of the contact pressure predicted the 
specialized sheet metal forming software model was approximately one order of magnitude 
less than the general purpose software predictions. It was identified that specialized sheet 
metal forming software model needs improvement in order to accurately capture the complex 
contact pressure response. This was primarily due to the simplifications associated with the 
use of shell finite elements. This result will have an impact on any wear models or analyses 
currently conducted on the basis of these software predictions. 
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